The importance of long-distance migration from low to high latitudes relative to local spread from northern refugia after the Last Glacial Maximum (LGM) remains a focus of debate for many temperate tree species. We assessed the dynamics of Chinese pine Pinus tabulaeformis, a widespread species endemic to northern China, since the LGM by integrating cytoplasmic DNA data, mapped pollen records and ecological niche modeling. Genetic variation among 544 individuals from 50 populations spanning the entire natural species range revealed eight genetic clusters with distinct geographic distribution, indicating glacial lineages likely originating from multiple local microrefugia. Palynological evidence suggested that the northernmost part of the natural distribution originated from local postglacial spread. Niche modeling indicated high probability of the species being present in the area of the Loess Plateau and coastal areas north of the Yangtze River during the LGM. The three lines of evidence jointly suggest that the species persisted through the last glaciation in the mountains surrounding the Loess Plateau of northern China and that the current distribution of the species originated primarily from the spread of local refugial populations, instead of long-distance migration. These results cast doubt on the notion that Chinese pine migrated from areas south of the Yangtze River and underscore the importance of northern refugia.
Introduction
Species migration is a key biological response to climate change (Huntley and Webb 1989) . Studies addressing this topic traditionally relied on palaeoecological approaches (Woods and Davis 1989, Yu et al. 2000) . Fossil pollen evidence indicated that many tree species in today's boreal and temperate regions retreated to areas far south of the continental ice sheets during the Last Glacial Maximum (LGM; between 24 000 and 18 000 cal yr BP), and expanded to higher latitudes during the post-glacial period in Europe and North America Birks 1983, Ritchie 1987) . By contrast, recent phylogeographic surveys across the ranges of a number of species revealed genetic structures indicative of small refugial populations of trees that survived through the LGM in northern areas close to the ice sheets and sometimes even north of them (McLachlan et al. 2005 , Anderson et al. 2006 , Parducci et al. 2012 , Warren et al. 2016 . These findings highlight the importance of local spread from these refugia in postglacial forest development and allowed for more biologically realistic estimates of species migration rates for European and North American tree taxa (Feurdean et al. 2013, Snell and Cowling 2015) .
Northern refugial populations were likely distributed discontinuously and at very low densities due to low atmospheric CO 2 concentrations and stressful climatic conditions, making it difficult to assess their past occurrences by palaeoecological reconstructions alone (de Lafontaine et al. 2014a, b) . A combination of different approaches is often required to detect small populations of plants and their postglacial migration pathways, because any single approach has its own strengths and limitations (Hu et al. 2008 , de Lafontaine et al. 2014b , Gavin et al. 2014 . For example, joint inferences from fossil and genetic data provided complementary evidence about how the genetic structure of trees has emerged as a result of the species shift associated with Quaternary climatic oscillations (Magri et al. 2006 , Warren et al. 2016 . Species distribution modelling can complement fossil and genetic data (Dalmaris et al. 2015) by identifying the potential distribution range at a broader spatial scale.
China was not covered by an ice sheet during the LGM (Liu 1988) . Pollen-based biome reconstructions have suggested that forest ecosystems occurred south of the Yangtze River during the LGM while steppe and desert dominated northern China (Yu et al. 2000 , Harrison et al. 2001 , Ni et al. 2010 . However, phylogeographical surveys suggested that temperate northern China provided glacial refugia for some tree species (Tian et al. 2009 , Qiu et al. 2011 . The relative roles of long-distance migration and northern refugia in the postglacial development of northern forests remain unclear. Chinese pine Pinus tabulaeformis is a widespread coniferous species endemic to northern China. The northern limit of P. tabulaeformis distribution matches the north margin of the monsoon (Wu 1980) , located around the 400-mm isohyet. The core of its current range is in mountainous areas surrounding the Loess Plateau of northern China (Qilian, Qinling, and Taihang Mountains) (Fig. 1a,  b) . Chen et al. (2008) investigated the phylogeography of Pinus tabulaeformis and proposed three low-elevation glacial macrorefugia by the Yellow River, near the Yellow Sea, and within the Sichuan Basin. Thus, according to these authors, Chinese pine shifted southward within and beyond the southern part of the species' current range during the last glacial and expanded northwards during the post-glacial period as proposed for coniferous forests (Winkler and Wang 1993 , Wang and Sun 1994 , Yu et al. 2000 , Harrison et al. 2001 ).
However, environmental heterogeneity in mountainous areas often provides microhabitats allowing plant species to survive locally through periods of fluctuating climatic conditions (i.e. microrefugia) (Qiu et al. 2011 , Papageorgiou et al. 2014 , Birks 2015 . It is possible that the complex topography of northern China allowed local persistence of tree populations. In addition, the Otindag Sandy Land, located at the northern limit of P. tabulaeformis distribution, has a high groundwater level, and P. tabulaeformis is sparsely distributed in this region even though the macroclimate is unsuitable for the species (Fig. 1c) . Locally elevated groundwater levels might also have supplied enough water for P. tabulaeformis during LGM. Considering the strong drought resistance of P. tabulaeformis, we hypothesized that this species persisted through the dry climatic period of the LGM in multiple refugia within topographically complex areas north of the Yangtze River, i.e. the Qilian, Qinling, and Taihang Mountains surrounding the Loess Plateau of northern China as well as the Otindag Sandy Land.
In this study, we used an integrated approach to investigate the most likely location of glacial refugia and the postglacial migration patterns of Chinese pine. Specifically, we surveyed range-wide cytoplasmic DNA variations in order to refine the phylogeographical history of P. tabulaeformis, including the populations previously analyzed by Chen et al. (2008) . An analysis of published and original pollen records was used to assess the glacial range and map the chronology of postglacial migrations of Pinus. Ecological niche modeling was applied to identify potential distribution of this species during the LGM. Glacial refugia are expected to be located in geographic areas harboring locally high genetic diversity, endemic and/or differential lineages, relatively high pollen percentages, and hindcasted presence probability during the LGM. Combining these three lines of evidence provided new insights into the Quaternary biogeography of this widespread species in China.
Material and methods

Cytoplasmic DNA analysis
In Pinaceae, mitochondrial DNA (mtDNA) is maternally inherited and dispersed by seeds, whereas chloroplastic DNA (cpDNA) is paternally inherited and dispersed by both pollen and seeds (Wagner 1992) . Long-distance pollen dispersal in wind-pollinated conifers usually translates into higher intraspecific gene flow (lower genetic structure) for cpDNA than for mtDNA (Burban and Petit 2003, Du et al. 2009) . Indeed, at cpDNA markers, the genetic imprint of refugial populations can be rapidly eroded in species having smaller geographical range (Liepelt et al. 2002) , as it might be the case for P. tabulaeformis. Yet, paternally inherited chloroplast markers have often been used successfully to assess Quaternary range shifts in North American conifer species with a transcontinental range (Anderson et al. 2006 , de Lafontaine et al. 2010 , Cinget et al. 2015 , Warren et al. 2016 ). Here we used markers from the two cytoplasmic genomes with contrasted levels of gene flow to maximize our chance of detecting the genetic signature indicative of various glacial lineages.
Sample collection
The genetic dataset comprised a total of 544 P. tabulaeformis individuals representing 50 populations across the entire natural range (Fig. 1c, Table 1 ). This comprehensive dataset includes new samples along with a previously published dataset from Chen et al. (2008) (n  291 trees from 30 sites). Our extensive sampling spans the complete distribution and includes both the southernmost and northernmost parts of the natural range. New foliar samples (needles) of P. tabulaeformis were collected from 8-20 individuals spaced  50 m Table  1 ). Each sample was deposited in a plastic bag with silica gel and stored in a refrigerator until DNA extraction.
DNA extraction, amplification and sequencing
For each of our 253 new samples, total DNA was extracted from approximately 10 mg of silica gel-dried needles according to a hexadecetyltrimethyl ammonium bromide (CTAB) procedure (Doyle and Doyle 1987) . The two mtDNA fragments (nad5 intron 1 and nad4/3-4) and two cpDNA fragments (rpl16 and trnS-trnG) used by Chen et al. (2008) were amplified and sequenced, using primers described in Supplementary material Appendix 1 Table A1 . Polymerase chain reaction (PCR) was performed in a 30-ml volume, containing 10-40 ng of DNA (ca 2 ml) for each sample, 15 ml 2  Taq MasterMix (CW0682; Beijing ComWin Biotech, Beijing, China), 0.5 ml of each primer and 12 ml of ddH 2 O. The PCR conditions for both mtDNA and cpDNA analyses followed the protocol provided by Chen et al. (2008) .
Data analysis
Sequences were aligned using Vector NTI (Lu and Moriyama 2004) . The relationships among mitotypes and chlorotypes were visualized using the median-joining network algorithm implemented in Network ver. 4.6.1.1 (Bandelt et al. 1999) . Spatial genetic structure among the 50 populations, including 20 new populations and 30 populations from previous study (Chen et al. 2008) , was analyzed for both mtDNA and cpDNA with 1) the Bayesian algorithm implemented in BAPS 6.0 (Corander et al. 2008 ) and 2) a simulated annealing approach using SAMOVA 2.0 (Dupanloup et al. 2002) with the number of groups set between 1 and 8. The SAMOVA grouping was considered to be optimal when the differentiation among groups (F CT ) reached a plateau. Analyses of molecular variance (AMOVA; Excoffier et al. 1992) were performed in Arlequin 3.5 (Excoffier and Lischer 2010) to assess the genetic differentiation within and among populations based on the groups inferred by BAPS analyses on mtDNA and cpDNA. Within-population gene diversity (H S ), total gene diversity (H T ), and population differentiation with unordered and ordered alleles (G ST and N ST , respectively) were estimated for mtDNA and cpDNA, using Permut (Pons and Petit 1996) . N ST  G ST (after 1000 permutations) indicates the presence of phylogeographical structure with closely related haplotypes being found more often in a given geographical area than would be expected by chance (Pons and Petit 1996) . A geographical map of the genetic differentiation among populations was obtained using the 'interpolated genetic landscape shapes' procedure implemented in Alleles In Space (AIS) software (Miller 2005) . The procedure first builds a connectivity network between all sampled locations in the data set based on Delaunay triangulations. Then, each network connection is assigned a genetic distance based on the average proportions of nucleotide differences between pairs of individuals from contiguous populations. Finally, genetic distances are interpolated (inverse distance weighted) to obtain relative genetic distances across the geographical landscape. Interpolation was conducted with a grid of 200  200 and a distance weighting parameter of 0.25. This analysis was conducted using mtDNA data to illustrate patterns of population differentiation that could not be easily visualized, but was omitted for cpDNA because of the little genetic variation.
Pollen data analysis
We initially obtained pollen records from 135 core sites located north of the Yangtze River, northern China. Most of these data came from previously published studies, and we also included original data from nine sites (Anguli Nuur, Hulun Nuur, Huangqihai, Liuzhouwan, Jiangjunpaozi, Xiaoniuchang, Ulan Nuur, Bai Nuur, and Haoluku), which were cored and analyzed by our research group following the methods detailed in Hao et al. (2014) and Yin et al. (2015) . The Pinus pollen percentages of published records were obtained by digitizing the pollen diagrams with Getdata Graph Digitizer 2.24 (< www.getdata-graph-digitizer.com >). We used the following criteria to select published pollen records for inclusion in this study: 1) geographical coordinates were within a polygon delimited by longitude 95°-130°E and latitude 30°-45°N, which covers the entire natural range of P. tabulaeformis; 2) mean sampling resolution was  700 yr for pollen records spanning the LGM and  300 yr for the remaining records; 3) the entire pollen record spanned a minimum of 4000 yr; 4) the chronology was based on a minimum of four radiocarbon or optically stimulated luminescence (OSL). We calculated Pinus pollen percentages on the basis of the total number of terrestrial pollen (i.e. excluding pollen of aquatic species and spores, but including Cyperaceae). Because Pinus tabulaeformis is the only pine species in the sampled polygon, we assumed that the Pinus pollen came from our focal species. Although more stringent criteria for selecting pollen sites would have been preferable, we had to relax the criteria because of the low density and/or the poor chronology of the pollen records available in the study region.
A total of 42 pollen records ultimately matched the above criteria and were thus included in subsequent assessment of the glacial and postglacial distribution patterns (Supplementary material Appendix 1 Table A2 and A3). All radiocarbon dates were converted to calibrated years before present (cal yr BP) using IntCal13 calibration dataset implemented in Calib 7.0.4 (Reimer et al. 2013) . Using the calibrated data, we applied the age-depth fitting procedure as described in the original references. Where the original reference did not provide age-depth models, the age of each sample was established by linear interpolation using the adjacent two calibrated ages and by extrapolation based on a straight line using the two oldest chronological dates for the lower part of the sequence.
Mean Pinus percentage at each 4000-yr interval was calculated for each pollen record. These values were mapped in order to visualize time-transgressive patterns of glacial and post-glacial range shifts. In spite of its high dispersal capacity, Pinus percentages are usually low (average percentage  6.3%) in the pollen records from China in areas where pine is currently absent (Xu et al. 2007 ). Cao et al. (2015) used logistic regressions to predict local Pinus occurrence in China and suggested 13% Pinus percentage as the threshold for a 0.7 probability of pine presence. Based on 71 surface pollen samples covering the modern ecotonal transition from temperate P. tabulaeformis forests to Mongolian steppe, Liu et al. (1999) found that pine percentage values below 10% occurred at the edge of the species' range. Therefore, we used a threshold value of  10% as an indication of local Pinus presence within our study region (Liu et al. 1999 ).
Present and LGM species distribution modeling
The past and current potential distributions of P. tabulaeformis were simulated using the species distribution model implemented in MAXENT 3.3.3 (Phillips et al. 2006 ) for the present and the LGM (22 000 cal yr BP). MAXENT is a machine learning-based ecological niche model that uses presence points and performs well even with few occurrence points (Elith et al. 2006) . In addition to the 50 presence records in this and previous studies, 149 records were obtained from a published dataset (Mao and Wang 2011 ) available online (< http://dx.doi.org/10.5061/ dryad.8075 >) (Supplementary material Appendix 1 Table  A4 ). We extracted the 19 bioclimatic WordClim data layers at 2.5-arcmin resolution (Hijmans et al. 2005 ; < www. worldclim.org >) and elevation data from ASTER Global Digital Elevation Model (< www.gdem.aster.ersdac.or.jp/ search.jsp >) for the 199 presence records available. Highly correlated climatic variables (r  0.85) as well as those that contributed little to the predictive power (i.e.  5% contribution) in trial runs of the SDMs were removed from subsequent analyses. The model of the species' present distribution thus used five bioclimatic data layers (BIO1  annual mean temperature, BIO4  temperature seasonality, BIO13  precipitation of wettest month, BIO18  precipitation of warmest quarter, and BIO19  precipitation of coldest quarter). The MAXENT model was tuned with the R package ENMEval (Muscarella et al. 2014) . After partitioning occurrence data using the 'checkerboard2' method, we built models with regularization multiplier values ranging from 0.5 to 4.0 (increments of 0.5) and with six different combination of 'feature classes' (L, LQ, H, LQH, LQHP, LQHPT; where L  linear, Q  quadratic, H  hinge, P  product, and T  threshold). Model selection was based on the Akaike information criterion corrected for small samples sizes (AICc; Warren and Seifert 2011) and by estimating the area under the 'receiver operating characteristic' curve (AUC ; Fawcett 2006) . The best performing species distribution model was projected onto the CCSM and MIROC climate data layers (Collins et al. 2006) for the LGM (< www. worldclim.org/paleo-climate >). The maximum training sensitivity plus specificity (MTSS) logistic threshold was employed to establish areas where the species is likely to be present or absent (Liu et al. 2005 (Liu et al. , 2013 .
Data deposition
Data available from the Dryad Digital Repository: < http:// dx.doi.org/10.5061/dryad.5j20b > (Hao et al. 2017) .
Results
Genetic diversity within and among P. tabulaeformis populations
Three mtDNA variants were found in nad4/3-4, and two in nad5 intron 1 (Supplementary material Appendix 1 Table  A5 ), yielding a total of six mitotypes (A-F) across the 50 populations (Fig. 2a) , all of which were previously reported by Chen et al. (2008) . Mitotypes A and F had a relatively close genetic relationship, while the other four mitotypes formed another group in the network (Fig. 2a) . Mitotypes B was the most common and was either fixed or dominant in 21 populations throughout the range. Mitotype E had a disjunct distribution. It was fixed or dominant in six populations from the mountains south of the Loess Plateau and completely fixed in five of the northernmost populations in the Sandy Land. Nine populations, all from the southwestern part of the range, were dominated by mitotype A. Mitotype F was common in southernmost and easternmost populations, whereas mitotype D was found in three populations located in the core of the range and was fixed in two of them. Mitotype C was rare and found at low frequency in the southern half of the range.
Six variants were found in both cpDNA fragments (rpl16 and trnS-trnG). These were combined into a total of eight chlorotypes (C1-C8, Supplementary material Appendix 1 Table A5 ). Chlorotypes C1-C5 were previously reported (Chen et al. 2008 ) and the other three were newly discovered in the present study. Chlorotype C1 occurred at the highest frequency and dominated all but two populations. Network analysis showed that all remaining chlorotypes had a close relationship with C1 except C4 that was closer to C5 (Fig.  2b) . Chlorotype C2 occurred in 31 populations at lower frequency. All other chlorotypes were mainly restricted to the southern part of the range, except for chlorotype C3 found only in one of the northernmost populations from the Otindag Sandy Land.
The Bayesian analysis of population structure revealed eight distinct groups of populations based on mtDNA variation (Fig. 3a) . Each BAPS group had a distinct geographical distribution and was dominated by one or two specific mitotypes (Fig. 2a) . Groups 1 and 5 were located in south-central part of the range (i.e. Qinling Mountains) along with Group 2, which also extended eastward. Group 3 lumped together populations from the Otindag Sandy Land along with others from the Qinling Mountains, south of the Loess Plateau. Group 7 included the westernmost populations (i.e. Qilian Mountains) while the small Groups 4 and 6 included one and two populations from the west and central parts of the range (i.e. Qilian and Taihang Mountains), respectively. Finally, Group 8 was the most common and widely distributed, encompassing the core of the range up to the northernmost stands in the Otindag Sandy Land. The genetic structure of the cpDNA data provided limited information since all populations were clustered into one group except two singleton populations no. 27 and no. 30 (Fig. 3b) . Based on SAMOVA, F CT estimates reached a plateau when the 50 sampled populations were clustered into five groups based on mtDNA data. The grouping pattern was similar to the BAPS results reported above (Fig. 3a) . The only differences were that BAPS mtDNA Groups 1, 3, and 8, all located in the north-central portion of the species range, were lumped into one group by SAMOVA and that BAPS mtDNA Groups 4 and 5 were clustered into one SAMOVA group. SAMOVA indicated no genetic structuring for the cpDNA data apart from a singleton population (no. 30: Taishan) also identified by BAPS (Fig. 3b) .
AMOVA also corroborated the spatial patterns in the genetic structure defined by the Bayesian algorithm. A significant portion of mtDNA variance (86.01%) was contributed by differences among the eight BAPS groups, with only 0.62 and 13.37% accounted for by variation among populations within groups and within populations, respectively (Table  2) . Similarly, 88.81% of cpDNA variation was found among BAPS groups, leaving 0.14 and 11.05% of variation among populations within groups and within populations, respectively (Table 2) .
Both G ST and N ST were high for mtDNA (both 0.82) but low for cpDNA (0.12 and 0.35, respectively) ( Table 3) . N ST ≈ G ST for mtDNA indicated the absence of significant phylogeographical structure. Indeed, the largest, north-central group was dominated by two mitotypes (B and E), and their distribution had no clear geographical pattern (Fig. 3a) . N ST  G ST for cpDNA could reflect the higher haplotype diversity in the southern half as well as a slight shift in chlorotype C2 frequency towards higher values in the northeastern part of the range (Fig. 2b) . The interpolated genetic landscape analysis illustrates that genetic (mtDNA) differentiation between adjacent populations was highest in the southcentral part of the range within the Loess Plateau and surrounding mountains (i.e. between 104 and 115°E and south of 38°N), but decreased rapidly outside of these geographic features (Fig. 4) .
The LGM and post-glacial distribution of Pinus pollen in northern China
The Pinus pollen data from northern China (north of Yangtze River) suggested pronounced variation in the abundance of this species over the last 24 000 cal yr BP (Fig. 5) . Only eight pollen records dating back to the LGM (24 000 to 20 000 cal yr BP) were found. The Pinus pollen percentages at a site from the central Gansu Province (Suancigou; 35.50°N, 105.83°E) and a site close to the Bohai Sea (Huanghua) reached values above 10%. Between 20 000 and 16 000 cal yr BP, at least three sites from the mountains of northern China had  10% Pinus pollen, and the northern edge of the Otindag Sandy Land (Sanyi) already had values  30%. Between 16 000 and 12 000 cal yr BP, the Pinus pollen percentage at Huangjiapu (located close to the southeastern edge of the Otindag Sandy Land) was higher than 30%. The range of the species expanded in central Inner Mongolia and east of Gansu province, at the northern edge of its modern distribution. Between 12 000 and 8000 cal yr BP, Pinus pollen reached  10% in 14 records of the mountainous areas and the Otindag Sandy Land. Pinus was widely distributed during this period throughout northern China, where the taxon constituted 20-30% of the pollen assemblages even in today's semi-arid areas.
Simulated present and LGM distribution of P. tabulaeformis
According to AICc, the best performing MAXENT model was obtained with feature class combinations LQHPT with 2.0 as the regularization multiplier. The resulting AUC score for the species distribution modeling was high (0.97), indicating good predictive model performance (i.e. 1 is the maximum prediction and 0.5 suggests a random prediction). The predicted current distribution with logistic value above the MTSS threshold (0.065) was generally similar to, but slightly larger than, the observed distribution (Fig. 6a) , along the 400-mm isohyet in northern China (Fig. 1) . Except for local expansion/extirpation, the simulated LGM distribution (Fig. 6b, c ) almost entirely overlapped with predicted current range (Fig. 6a) . Indeed, during the LGM, the simulated distribution of P. tabulaeformis extended from 32 to 42°N and 102 to 124°E, centered on the Loess Plateau and some coastal region of northern China (Fig. 6b, c) . There was no evidence of suitable climatic conditions south of 30°N, meaning that the entire glacial range likely persisted north of the Yangtze River. While it is unlikely that P. tabulaeformis could have persisted locally within the semi-arid region (especially central Inner Mongolia) because the LGM climate was unsuitable there (distribution logistic value  0.065), suitable areas were available in close vicinity north of the Bohai Sea.
Discussion
It is usually assumed that forest ecosystems occurred south of the Yangtze River during the LGM while steppe and desert dominated northern China (Yu et al. 2000 , Harrison et al. 2001 , Ni et al. 2010 . However, the multiple lines of evidence presented here suggest that mountainous areas provided glacial refugia for P. tabulaeformis in the semi-arid region (along the 400-mm isohyet) north of the Yangtze River. We found no evidence for long-distance poleward migration; instead our data suggest that P. tabulaeformis postglacial migration was multidirectional through local spread from various refugia. First, our results suggest that multiple glacial lineages originated from various microrefugia in the mountains located in the central part of the natural range of P. tabulaeformis in the vicinity of the Qilian and Qinling Mountains (located to the west and south of the Loess Plateau, respectively) where mtDNA BAPS groups 1, 2, 4, 5, and 7 meet. In our study, the mtDNA grouping pattern resolved a more detailed phylogeographical structures compared with previous research, which initially proposed a glacial range-shift in three broad low-elevation regions by the Yellow River, near the Yellow Figure 6 . Potential distributions as probability of occurrence for P. tabulaeformis in China (a) under current conditions , (b) at the Last Glacial Maximum using CCSM data, and (c) at the Last Glacial Maximum using MIROC data (LGM; 22 000 cal yr BP). Predicted distribution probabilities (in logistic values) are shown in each 2.5 arc-min pixel. Ecological niche models were established with current bioclimatic variables at 199 extant P. tabulaeformis occurrence sites represented by the black dots in (a) using MAXENT (Phillips et al. 2006) . Circles of different colors in panels (b) and (c) represent the genetic assignments of the 50 sampled populations to their mtDNA BAPS groups, as indicated in Fig. 3a .
Sea, and within the Sichuan Basin (Chen et al. 2008) . Populations Zhuqueshan (ZQS), Xipo, Kanbula, and Changlingshan (CLS) had high gene diversity for either mtDNA or cpDNA, a result consistent with the notion that populations from glacial refugia have higher genetic diversity (Hewitt 2000) . The interpolated landscape genetic analysis indicated that the area of the highest differentiation was centered on ZQS/Xipo area (Qinling Mountains) where mtDNA BAPS groups 1, 2, 3, 5, 7, and 8 co-exist (Fig. 4) . When assessing patterns of genetic differentiation across a species range, a stronger regional genetic differentiation is usually reported among populations located in the vicinity of refugial areas than from recolonized areas (de Lafontaine et al. 2013) .
Although pollen evidence was limited in the mountainous areas, one LGM record (Suancigou), located between CLS and ZQS, reached 21% Pinus pollen by 22 000 cal yr BP and increased to 38% by 20 000 cal yr BP (Feng et al. 2007 , Tang et al. 2007 Fig. 5) . Assuming that the chronology of this record is reasonable, the pollen data corroborate genetic evidence that the mountains encompassing ZQS, Kanbula (no. 14), Xipo (no. 2), and CLS acted as a LGM refugium for P. tabulaeformis because no other pine species was found in this area (Wu 1980) . These populations are located close to the Qilian, Ziwuling and Qinling Mountains where refugia for other temperate forest species were reported by previous studies (Tian et al. 2009 , Qiu et al. 2011 , Zong et al. 2014 .
Consistent with the genetic and pollen data, species distribution modeling also indicated that the probability of LGM presence was highest ( 0.75) in the area centered on the ZQS/Xipo populations and extending to all the mountainous areas surrounding the Loess Plateau (104 to 115°E and 32 to 38°N; compare Fig. 4 and 6b) . This hindcasted distribution almost completely overlaps with the modern range, in sharp contrast with earlier phylogeographic inferences proposing low-elevation macrorefugia located within and beyond the southern part of the species' current range (Chen et al. 2008) . Indeed, the three lines of evidence reported here provide strong evidence that P. tabulaeformis likely existed in multiple local microrefugia during the LGM, all of which were located north of the Yangtze River, in the mountains bordering the southern and western margins of the Loess Plateau (i.e. Qilian, Ziwuling, and Qinling Mountains).
Furthermore, mitotype D was endemic to the central part of the range (Taihang Mountains, bordering the eastern margin of the Loess Plateau) where it was fixed in two populations (forming mtDNA group 6 in Fig. 3a) . Although it is possible that this lineage persisted further south during the LGM, migrated northward and disappeared from the south during the Holocene, this scenario seems unlikely because two extensive mtDNA groups (2 and 8) are found south of this highly spatially restricted lineage. Assuming that this haplotype persisted through the LGM in an isolated glacial mountain microrefugium, our data indicate that this glacial lineage did not spread during the postglacial period. Although the pattern is less clear for cpDNA, likely due to the homogenizing effect of pollen dispersal (Liepelt et al. 2002 , Burban and Petit 2003 , Du et al. 2009 ), one of these populations (Wutaishan, WTS) is among the few that were not dominated by chlorotype C1. Besides, the paleodistribution model indicated a probability of presence  0.5, that is well above the MTSS threshold (Fig. 6b) , suggesting that this region was suitable for P. tabulaeformis during the LGM. No pollen record was found close to WTS during the LGM (Cao et al. 2015; Fig. 5) . The earliest pollen record in the vicinity of this site dated back to 12 000 cal yr BP with Pinus pollen already reaching ca 15%, perhaps indicating an early presence of pine trees in this area (Fig. 5) .
In addition to the mountainous areas discussed above, pollen evidence suggests that Chinese pine forests might have persisted in the Otindag Sandy Land throughout the LGM. Indeed, Pinus reached 38% in the Sanyi pollen record near the Otindag Sandy Land by 16 000 cal yr BP and values  10% were maintained from 16 000 to 12 000 cal yr BP ( Fig. 5 ; Supplementary material Appendix 1 Table A3 ). The Pinus pollen percentages of Dalai Nuur, also located near the Otindag Sandy Land, were high during the LGM, reaching  35% from 22 000 to 12 000 cal yr BP (Li et al. 1990 , Cao et al. 2015 . However, this pollen record was excluded from our analysis (i.e. this record does not appear in Fig. 5 ) because the sampling resolution was very low at this site (ca 2000 year/sample). The percentages of Pinus pollen generally reached values  10% after ca 9000 cal yr BP in semi-arid regions located at the northern edge of the current distribution of P. tabulaeformis. Yet, values  10% were reported at 11 000 cal yr BP at the northern semi-arid pollen site Anguli Nuur (Liu et al. 2010) , indicating the presence of Pinus at least 2000 yr earlier than at other semi-arid sites. Other pollen sites located close to Anguli Nuur maintained high Pinus percentages ( 10%) after 9000 cal yr BP, while Pinus pollen abundance did not increase in areas south of Anguli Nuur. This pattern suggests that Pinus in the vicinity of Anguli Nuur did not originate from long-distance postglacial migration from the south. Dalai Nuur, Sanyi, and Anguli Nuur are all located somewhat close to the Otindag Sandy Land. Although the sampling resolution was not high for Sanyi (660 years/sample; five radiocarbon and OSL dates for the entire record; Supplementary material Appendix 1 Table  A2 ) or Dali Nuur ( 2000 years/sample), the sampling resolution was high and the chronology was robust for Anguli Nuur (Liu et al. 2010) .
According to the species distribution model, the LGM macroclimate was suitable for the persistence of P. tabulaeformis in the southern part of Otindag Sandy Land. Note that the present species distribution model indicated a low probability of current Chinese pine presence in the Otindag Sandy Land area (Fig. 6a ), yet P. tabulaeformis is found at low density throughout the area today. Dry climate might have restricted pine forest more than low temperature during the LGM in this region where the modern landscape is dominated by semi-arid steppe (Liu et al. 2004 , Li et al. 2007 ). The current presence of P. tabulaeformis in the Otindag Sandy Land likely results from high groundwater levels of this region, which could supply enough groundwater for P. tabulaeformis. It is possible that groundwater was also sufficient for maintaining P. tabulaeformis in the region during the LGM. Hence, based on pollen records and modeling result, the hypothesis of a local spread from refugial populations in the Otindag Sandy Land and adjacent areas cannot be rejected.
The seven populations sampled in the Otindag Sandy Land did not stand out as a region of high genetic diversity or endemism for mtDNA (Fig. 2a) . However, the disjunct distribution of mitotype E (mtDNA, Group 3) could provide support for glacial persistence in the Sandy Land. Such a division in the distribution of a genetic variant (~1000 km apart) would be expected if the species range became disconnected during the LGM when the species persisted in two isolated refugia. While one was likely in the Qinling Mountains as previously discussed, the other would have to be further north, within -or at least close -to the Sandy Land. Keller et al. (2010) reported similar levels of low genetic diversity in remote Alaskan populations of balsam poplar, although fossil evidence indicated that the area was indeed a glacial refugium for this species (see also Breen et al. 2012 ). An endemic chlorotype (C3) was endemic to a population at the northernmost limit of the species distribution (Fig. 2b) providing genetic support for a northern refugium.
Some discrepancy between inferences from fossil records, phylogeography, and ecological niche models is expected at a local scale (Hugall et al. 2002) because these lines of evidence vary in their sensitivity and specificity (Gavin et al. 2014) . The coarse modeling approach implemented in MAXENT provides broad-scale boundaries of macrorefugia (Temunović et al. 2013) . Even if the regional macroclimate was unsuitable for regional survival of P. tabulaeformis, specific microclimates in complex topographies might have provided suitable habitats for its local persistence (Dobrowski 2011 , Ashcroft et al. 2012 , de Lafontaine et al. 2014b , Birks 2015 . Thus, the question regarding glacial persistence in Otindag Sandy Land remains open. The mixed evidence reported here highlights the need for further genetic and palaeoecological studies focusing on this area characterized by a complex geography.
Because the species was distributed in multiple glacial refugia across a large area north of the Yangtze River, encompassing several mountains of northern China and possibly the Otindag Sandy Land, its postglacial colonization occurred via local spread in multiple directions. This scenario stands in sharp contrast with a unidirectional long-distance south-to-north postglacial migration scenario suggested in previous studies (Yu et al. 1998 , Ni et al. 2010 , including an earlier phylogeographical investigation on the same species (Chen et al. 2008) . Our results contribute to a growing body of evidence suggesting multiple glacial refugia in northern China likely played a major role in the postglacial development of temperate forests in the region.
